Abstract: Non-uniformity of Lithium-ion cells in a battery pack is inevitable and has become the bottleneck to the pack capacity, especially in the fast charging process. Therefore, a balancing approach is essentially required. This paper proposes an active online cell balancing approach in a tfast charging process using the state of charge (SOC) as balancing criterion. The goal of this approach is to complete pack balancing within the limited charging time. An adaptive extended Kalman filter (AEKF) is applied to estimate the pack cell SOC during the charging process to obtain accurate results under modeling errors and measurement noises. To implement the proposed AEKF, only one additional current sensor is required to obtain the current of each cell required for the SOC estimation. An experimental platform is established to verify the effectiveness of the proposed approach. The results show that the proposed balancing approach with the SOC as a balancing criterion can overcome the challenges of non-uniformity and flat voltage plateau and charge more capacity into a LiFePO 4 battery pack than those with the terminal voltage as a balancing criterion in the fast charging process.
•
Adaptive extended Kalman filter (AEKF) is employed to estimate the pack cell state of charge (SOC) in real time, which is used as a balancing criterion to equalize cells in a LiFePO 4 battery pack in the fast charging process.
• Only one additional current sensor in the chosen balancing circuit is required to accurately estimate pack cell SOC, leading to low cost implementation.
Balancing in the fast charging process based on online estimated SOC overcomes non-uniformity and allows more pack capacity to be charged.
Experimental platform is established to demonstrate that the performances based on the SOC criterion is better than those based on the terminal voltage criterion in terms of extra charged capacity of 2.07 Ah, equivalent to 13% of the nominal capacity of the chosen battery pack.
Introduction
Due to high energy density, long life cycle and low self-discharge rate, lithium-ion batteries have become one of the main power candidates for electric vehicles (EVs) [1] . However, power and energy
Due to high energy density, long life cycle and low self-discharge rate, lithium-ion batteries have become one of the main power candidates for electric vehicles (EVs) [1] . However, power and energy demand in EVs is high and the voltage of battery packs in EVs is normally above 300 V, thus battery cells are required to connect in series (or parallel) to form a battery pack for meeting energy and power demand. For those serially connected cells, an imbalance of state of charge (SOC) will occur [2, 3] . As a consequence, the cells in the pack cannot reach the fully charged states simultaneously. The cell with the least chargeable capacity that is fully charged first determines the pack capacity. Active cell balancing is required to equalize cell SOCs to improve pack capacity [4] .
Recently, active cell balancing is widely used in maintenance conditions in which the charging or discharging stops when the balancing operates [5] [6] [7] [8] . In maintenance conditions, there is no strict restriction of balancing time and balancing speed is not critical. Active cell balancing is also used in the charging and discharging conditions. In such conditions, balancing study is to fully use the limited pack capacity, which requires the completion of balancing before the end of the charging or discharging process to obtain the maximum pack capacity. Therefore, the balancing time, which is decided by the charging or discharging time, is limited and the balancing speed is critical. For different charging and discharging conditions, the fast charging condition gives the most severe challenge due to a short charging time. Thus, balancing in a fast charging process (e.g., the charging time is less than 1 h) is only discussed in this paper. The full utilization of the short charging time is largely decided by the balancing criterion, which can be divided into two groups: voltage based balancing criterion and SOC or capacity based balancing criterion [9] [10] [11] [12] .
The terminal voltage as the balancing criterion is widely used in commercial EVs as it can be easily measured and implemented in all kinds of balancing circuits. When it is applied to battery types such as a LiFePO4 battery pack with a flat charge and discharge plateau, balancing may not occur during most of the charging or discharging time that has flat voltage outputs in the range of the SOC from about 20% to 90% as shown in Figure 1 . Battery SOC is the alternative criterion for balancing operation [12] [13] [14] . When the SOC is used, the accuracy of the SOC decides the final effect. Many accurate SOC estimations have been proposed in literature. The extended Kalman filter [15] [16] [17] was proposed for lithium-ion cells, where accurate battery model and measurement were required. In [18] [19] [20] , sliding mode observer based SOC estimation method was taken and the robustness was improved. Different working conditions are considered with an equivalent circuit model in [21] to increase the accuracy of the SOC estimation. To deal with the modelling error and uncertainty, many adaptive methods are proposed [22] [23] [24] . However, most of these methods deal with the single cell and the challenges that are unique to the battery pack are not considered. Accurate online SOC estimation needs reliable cell current measurement. This is difficult for the battery pack in the balancing process due to the existence of balancing current and this challenge is not solved in literature [25] [26] [27] based on author's best knowledge. The SOC is applied as the balancing criterion in [12] , where the balancing is operated in maintenance conditions.
In this paper, a novel active online state of charge based balancing approach during fast charging process is proposed to equalize cells in a LiFePO 4 battery pack, where only one additional current sensor is required to obtain the current of each cell for the SOC estimation with the chosen flyback based balancing circuit. This approach can potentially apply to balance the pack of supercapacitors [28] , which are the important candidates to enhance charge and discharge power capability for EV energy storage systems. The remainder of this paper is organized as follows: Section 2 explains the balancing system. The balancing circuit and the current calculation for each cell in the pack is explained first. Then, an adaptive extended Kalman filter (AEKF) for the SOC estimation is presented. Finally, the battery model and parameters extraction used for the SOC estimation is explained. In Section 3, the proposed active balancing approach based on the SOC are experimentally verified and compared with the active balancing approach based on terminal voltage. The conclusions are presented in Section 4.
Balancing System for Fast Charging Process of a Battery Pack
A balancing system is designed in this section based on the challenges presented in the Introduction. First, a flyback balancing circuit is chosen and the method to obtain cell current is designed. The next step is to apply the SOC as the balancing criterion in the fast charging process, which targets complete balancing within one hour. To achieve this, the AEKF is presented to handle the modelling uncertainty and measurement noises in the battery pack. Finally, the battery modelling and parameter extraction used for the AEKF are briefly explained.
Current Calculation of Each Cell for SOC Estimation with Fly-Back Converter Based Balancing Circuit
Based on the main balancing components, active balancing circuits can be divided into three groups: capacitor based balancing circuits [11, [29] [30] [31] [32] [33] [34] [35] [36] , inductor based balancing circuits [5, 8, 27, [37] [38] [39] [40] [41] [42] [43] [44] [45] and transformer based balancing circuits [6, 7, 25, 26, [46] [47] [48] [49] [50] [51] . Not every active balancing circuit can use SOC as the balancing criterion due to the nature of the balancing components and the topology of the balancing circuits. In capacitor based balancing circuits, the terminal voltage difference among the cells in the pack determines the peak amplitude and the direction of balancing currents. Thus, there is no benefit to use the SOC as a balancing criterion in these circuits. In inductor and transformer based balancing circuits, generally the balancing current in the circuits can be controlled to achieve the desired value, and the SOC can always be used as the balancing criterion except that some transformer based balancing circuits are specially designed to use terminal voltage as the balancing criterion to equalize the battery pack.
A flyback converter based balancing circuit shown in Figure 2 [47] , which is one kind of transformer based balancing circuits, has been chosen to implement the balancing operation in this study. 
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The balancing current sensor measures the balancing current in the low voltage side to improve the accuracy of current measurement and the current ( 2 b I ) in the high voltage side is calculated by:
where 1 N and 2 N are the ratio of the flyback transformer and η is the efficiency of the flyback converter. In the balancing operation, the switches are turned on/off at high frequency, so the balancing current of each cell is averaged first and then superimposed with the charging current to obtain ( ) i I t , which is used in the AEKF for the SOC estimation in each step.
This balancing circuit can select any cells in the pack for balancing operation through a switch matrix in two operation modes: the cell to pack mode (CTP) and the pack to cell mode (PTC). In the CTP mode, the cell with the highest SOC or terminal voltage is discharged and releases charges back to the pack via the flyback converter. In the PTC mode, the cell with the lowest SOC or terminal voltage is identified and the charges from the pack are injected into this cell. In this flyback balancing circuit, only one additional current sensor is added to calculate the current I i (t) of each cell in the battery pack during the balancing operation, namely the balancing current sensor measures the balancing current I b1 , the existing charging current sensor measures the charging current I(t), and then current of each cell I i (t) is calculated by:
The balancing current sensor measures the balancing current in the low voltage side to improve the accuracy of current measurement and the current (I b2 ) in the high voltage side is calculated by:
where N 1 and N 2 are the ratio of the flyback transformer and η is the efficiency of the flyback converter. In the balancing operation, the switches are turned on/off at high frequency, so the balancing current of each cell is averaged first and then superimposed with the charging current to obtain I i (t), which is used in the AEKF for the SOC estimation in each step. This balancing circuit can select any cells in the pack for balancing operation through a switch matrix in two operation modes: the cell to pack mode (CTP) and the pack to cell mode (PTC). In the CTP mode, the cell with the highest SOC or terminal voltage is discharged and releases charges back to the pack via the flyback converter. In the PTC mode, the cell with the lowest SOC or terminal voltage is identified and the charges from the pack are injected into this cell.
In the experiment, the converter is running in discontinuous conduction mode with the peak balancing current limited to 1.5 A. The duty cycle of the pulse width modulation (PWM) control signal for the metal-oxide-semiconductor field-effect transistor (MOSFET) is 0.4 and the frequency is 10 kHz. 
Adaptive Extended Kalman Filter for SOC Estimation
The Coulomb counting is a widely-used approach for the SOC estimation for ease of implementation. The drawbacks are that it cannot decide the initial SOC and its estimation errors accumulate over time. The battery OCV is taken to calibrate the SOC [51] . Unfortunately, it is hard to measure the OCV in real time and the small OCV error may lead to significant SOC difference, particularly for the flat voltage plateau of a LiFePO 4 battery. In this study, the AEKF is applied to estimate the SOC.
The AEKF for the SOC estimation combines the advantages of the Coulomb counting method and the battery OCV based SOC estimation method [52] . The noises and errors are taken into consideration in the filter gain to obtain the optimal estimation results. In the battery pack, the parameters are extracted once and used in the later estimations. This leads to accumulated modelling error. A fading memory factor is used in the AEKF [53] to increase the adaptiveness for the modelling errors. This fading memory factor serves to increase the uncertainty of the state estimation and give more credence to the measurement.
When process errors and measurement noises are considered, the state space equation of the battery dynamic system can be generalized as:
where x is a state vector Z k V pck V pek T ; y is an output vector that represents the battery terminal voltage; ω k is the process Gaussian noises with the covariance of Q k ; and ν k is measurement Gaussian noises with the covariance of R k .
The Jacobian matrixes of partial derivatives from the state space equation are listed as follows:
Then, the linearized state equation including noises could be generalized as:
The steps for optimal SOC estimation with the AEKF can be summarized as follows.
Step (1): Initialization: the initial x 0 is estimated as a Gaussian random vector with mean of x 0 and covariance of P 0 :
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Step (2): Time update (from time (k − 1) + to time k − ): the current state estimation is obtained based on the state estimation and its covariance in the previous step:
where
, α is the fading memory factor and its value is equal or higher than 1. It is set as 1.0001 in this study.
Step (3): Kalman gain update:
Step (4): Discrete measurement update: the estimated statex − k is updated when the measurement is available. The covariance is also updated and they are presented by:
The initial parameters of the AEKF are obtained based on empirical experience. For example, the initial parameters of the battery cell for the pulse constant current (PCC) test are tuned to be: 
Battery Modelling and Parameters Identification
To obtain the state space equation of the battery cell used in the SOC estimation, the battery equivalent circuit model (ECM) as shown in Figure 3 is adopted to accurately reflect dynamic behaviors of LiFePO 4 batteries [22, 54, 55] . In the ECM, V t and I represent battery terminal voltage and current, respectively; R in is an internal resistance characterizing the instant voltage drop; a parallel branch of a resistance R pe and a capacitance C pe represents electrochemical polarization and the other parallel branch represents concentration polarization; these two branches reflect the short-term and long-term transient responses of the battery. The symbols ∆Voc, ∆R in , ∆R pe , ∆C pe , ∆R pc , and ∆C pc are associated with process errors and noises. The capacitance C n represents the total charge stored in the battery by converting the capacity in Ah into the charge in Coulomb:
C n = 3600 · C battery (10) where C battery is the battery capacity in Ah. The voltage V SOC across the capacitance C n represents the SOC and its value is set between 0 and 1 V corresponding to 0% and 100%. The SOC is a relative quantity that describes the ratio of the remaining capacity to the normal capacity for the battery. It is defined as:
where Z(0) is the initial SOC of the battery. The time deviation of the SOC gives:
According to Kirchhoff voltage law, the battery terminal voltage and the derivatives of polarization voltages in Figure 2 are determined by:
Due to the fast sampling rate, the change rates of charging currents are taken as zero in each sampling period. Solving the current I in Equation (12) and substituting it into Equation (13) leads to the equation for the derivative of the SOC.
Thus, the state-space equation of the battery is developed as follows:
where:
The model parameters shown in Figure 3 are obtained by fitting the experimental data from the PCC test as shown in Figure 4 . A LiFePO 4 battery (A123 ANR26650) with the nominal capacity of 2.3 Ah was tested under room temperature. The cell was first fully discharged with 2.3 A until the voltage reaches 2V. Then, the cell rested for one hour to get the initial OCV. After that, the current profile of the PCC as shown in Figure 4a was used to charge the battery, where one-hour rest was inserted to obtain the OCV for every 10% SOC increment in charging process. Figure 4b shows the transient voltage corresponding to the PCC. From Figure 4a ,b, the relationship between the OCV and the SOC is obtained and shown in Figure 5 . This OCV data can be fitted by Equation (17) and its coefficients are listed in Table 1 :
where λ i (i = 0, . . . , 7) are the coefficients of the OCV versus the SOC [56] . The part circled in red of Figure 4b is zoomed in in Figure 4c . Since the battery model parameters corresponding to the pulse at the SOC of 70% cause the highest SOC estimation error, the parameters obtained at this SOC will be applied in the model for the SOC estimation. Intuitively, the relaxation voltage in Figure 4c can be represented by:
where ∆V t represents the voltage drop caused by the internal resistance R in , so it can be calculated by:
Then, a root mean square error method is used to determine V pe , V pc , τ pe , and τ pc in Equation (18) [22] , and the resistances and capacitances in the two parallel branches are calculated by All of these parameters were substituted into Equation (18) Table 1 lists all these parameters. All of these parameters were substituted into Equation (18) Table 1 lists all these parameters. 
Experimental Verification
To evaluate the performance of the proposed active balancing approach, a testing platform for active cell balancing was established, as shown in Figure 6 . The prototype mainly consists of a battery pack charger, a serially-connected battery pack, a flyback converter-based balancing circuit, an National Instruments (NI) controller, an Arbin BT2000 (Arbin Instruments, College Station, TX, USA), a power supply and a computer. The battery pack charger is a Sorensen programmable power supply (Berwyn, PA, USA), which can set the charging current and voltage. The battery pack is made of three A123 LiFePO4 battery cells connected in series and their specifications are listed in Table 2 . The NI controller consists of a field-programmable gate array (FPGA) module and a real-time control module. The FPGA module is responsible for the measurement of the current and terminal voltage of each cell in the battery pack and the control of the switches for the balancing circuit. The real-time module is the hardware implementation of the AEKF for the SOC estimation algorithm and the balancing control algorithm, which were developed using the LabVIEW program (Version 2012, NI, Austin, TX, USA). The Arbin BT2000 is responsible for the initialization of each single cell before the charging process starts. The power supply supports the NI controller and the balancing circuit. Finally, the computer is responsible for data storage and analysis as well as being the control interface of the NI controller. It also sets the charging algorithm for the battery pack charger. It should be noted that, in a commercial battery pack in EVs, normally the battery cells are connected in parallel to increase the capacity and these parallel-connected cells are called a battery module. To increase the voltage, many of these modules are connected in series to form the battery pack [57] . 
To evaluate the performance of the proposed active balancing approach, a testing platform for active cell balancing was established, as shown in Figure 6 . The prototype mainly consists of a battery pack charger, a serially-connected battery pack, a flyback converter-based balancing circuit, an National Instruments (NI) controller, an Arbin BT2000 (Arbin Instruments, College Station, TX, USA), a power supply and a computer. The battery pack charger is a Sorensen programmable power supply (Berwyn, PA, USA), which can set the charging current and voltage. The battery pack is made of three A123 LiFePO 4 battery cells connected in series and their specifications are listed in Table 2 . The NI controller consists of a field-programmable gate array (FPGA) module and a real-time control module. The FPGA module is responsible for the measurement of the current and terminal voltage of each cell in the battery pack and the control of the switches for the balancing circuit. The real-time module is the hardware implementation of the AEKF for the SOC estimation algorithm and the balancing control algorithm, which were developed using the LabVIEW program (Version 2012, NI, Austin, TX, USA). The Arbin BT2000 is responsible for the initialization of each single cell before the charging process starts. The power supply supports the NI controller and the balancing circuit. Finally, the computer is responsible for data storage and analysis as well as being the control interface of the NI controller. It also sets the charging algorithm for the battery pack charger. It should be noted that, in a commercial battery pack in EVs, normally the battery cells are connected in parallel to increase the capacity and these parallel-connected cells are called a battery module. To increase the voltage, many of these modules are connected in series to form the battery pack [57] . The SOC estimation for three cells in this study is used as the balancing criterion to carry out battery pack balancing in real time. To complete the balancing operation by the end of fast charging process, the quick estimation of the SOCs for three cells is essential. The statistical variation of the battery cells is inevitable. Obtaining the parameters of the battery models used in SOC estimation for each cell takes time and a heavy calculation load. Therefore, the model parameters of one cell in Table 1 and the OCV versus the SOC in Figure 5 are used to estimate the SOCs for three cells. The robust AEKF is used to estimate the SOCs for these three cells. The comparison of the estimated SOCs with the SOCs using Coulomb counting from the experimental data shows that the SOC estimations only have an error of less than 2%, which is quite accurate even with the modelling errors due to the above assumption. The true initial states of three cells were, respectively, 0%, 0% The SOC estimation for three cells in this study is used as the balancing criterion to carry out battery pack balancing in real time. To complete the balancing operation by the end of fast charging process, the quick estimation of the SOCs for three cells is essential. The statistical variation of the battery cells is inevitable. Obtaining the parameters of the battery models used in SOC estimation for each cell takes time and a heavy calculation load. Therefore, the model parameters of one cell in Table 1 and the OCV versus the SOC in Figure 5 are used to estimate the SOCs for three cells. The robust AEKF is used to estimate the SOCs for these three cells. The comparison of the estimated SOCs with the SOCs using Coulomb counting from the experimental data shows that the SOC estimations only have an error of less than 2%, which is quite accurate even with the modelling errors due to the above assumption. The true initial states of three cells were, respectively, 0%, 0% and 20% SOCs to create an imbalance scenario, and the Arbin BT2000 was used to fully discharge the first, second and third cells and then only the third cell was charged to 20% SOC. To validate the robustness of the AEKF for SOC estimation, the initial states of three cells for the battery model were unknown and set to the wrong values of 15% SOC. A resting time was allowed for the convergence of the SOC estimation of each cell before the charging process started. In the charging process, the balancing operation commenced when the maximum SOC difference was 2%. As a trade-off between charged pack capacity and charging time, the battery pack stopped charging when the voltage of any battery cell reached the cut-off voltage (3.6 V for the selected battery cell). Figure 7 shows the experimental results for the proposed active balancing approach using the SOC as the balancing criterion. The estimated SOC values of these three cells are shown in Figure 7a . It can be observed that the SOC difference continues converging with increasing balancing operation time, dropping from the highest SOC difference at the beginning to less than 2% after 2700 s. The terminal voltages of these three cells are shown in Figure 7b . Since cell three has the highest initial SOC, its extra charge is discharged to the pack in the balancing process, and it therefore has the lowest terminal voltage in the plateau. The errors between the estimated SOC and the SOC from the Coulomb counting method, which was taken as the benchmark during the charging process, are shown in Figure 7c . For cells one and two, the estimation errors are below 1% most of the time. For cell three, the estimation errors are still well below 2% most of the time. and 20% SOCs to create an imbalance scenario, and the Arbin BT2000 was used to fully discharge the first, second and third cells and then only the third cell was charged to 20% SOC. To validate the robustness of the AEKF for SOC estimation, the initial states of three cells for the battery model were unknown and set to the wrong values of 15% SOC. A resting time was allowed for the convergence of the SOC estimation of each cell before the charging process started. In the charging process, the balancing operation commenced when the maximum SOC difference was 2%. As a trade-off between charged pack capacity and charging time, the battery pack stopped charging when the voltage of any battery cell reached the cut-off voltage (3.6 V for the selected battery cell). Figure 7 shows the experimental results for the proposed active balancing approach using the SOC as the balancing criterion. The estimated SOC values of these three cells are shown in Figure 7a . It can be observed that the SOC difference continues converging with increasing balancing operation time, dropping from the highest SOC difference at the beginning to less than 2% after 2700 seconds. The terminal voltages of these three cells are shown in Figure 7b . Since cell three has the highest initial SOC, its extra charge is discharged to the pack in the balancing process, and it therefore has the lowest terminal voltage in the plateau. The errors between the estimated SOC and the SOC from the Coulomb counting method, which was taken as the benchmark during the charging process, are shown in Figure 7c . For cells one and two, the estimation errors are below 1% most of the time. For cell three, the estimation errors are still well below 2% most of the time.
(a) To verify the effectiveness of the proposed SOC based balancing approach, the results of the terminal voltage based balancing approach are shown in Figure 8 , where the same platform is used to conduct the experiments with the same settings except the balancing criterion. Considering the accuracy of the voltage sensor and the hysteresis of battery cells, the balancing operation starts when the maximum terminal voltage difference higher than 20mV is adopted to avoid unnecessary balancing operations. Figure 8a shows the SOC values calculated using the Coulomb counting method during the charging process. The SOC difference between cell three and the other two cells remains large during the entire charging process. The terminal voltages of the three cells are displayed in Figure  8b , indicating that there is no balancing operation during most of the charging process. The balancing happens at the beginning when the terminal voltage of cell three is the highest and the maximum voltage difference is larger than 20 mV. Then, the terminal voltages of cell one and cell two rise quickly in the initial charging stage and reach the terminal voltage of cell three at around 700 s and the balancing stops since the maximum voltage difference in the pack becomes less than 20 mV. The balancing starts again near the end of charging process. During the voltage plateau, the To verify the effectiveness of the proposed SOC based balancing approach, the results of the terminal voltage based balancing approach are shown in Figure 8 , where the same platform is used to conduct the experiments with the same settings except the balancing criterion. Considering the accuracy of the voltage sensor and the hysteresis of battery cells, the balancing operation starts when the maximum terminal voltage difference higher than 20 mV is adopted to avoid unnecessary balancing operations. Figure 8a shows the SOC values calculated using the Coulomb counting method during the charging process. The SOC difference between cell three and the other two cells remains large during the entire charging process. The terminal voltages of the three cells are displayed in Figure 8b , indicating that there is no balancing operation during most of the charging process. The balancing happens at the beginning when the terminal voltage of cell three is the highest and the maximum voltage difference is larger than 20 mV. Then, the terminal voltages of cell one and cell two rise quickly in the initial charging stage and reach the terminal voltage of cell three at around 700 s and the balancing The balancing results with these two balancing criteria are compared in Table 3 . When the SOC is applied as the balancing criterion, the values of the SOCs for these three cells are 97.9%, 96.7% and 97.6%, respectively, at the end of charging. This shows that the battery pack is well balanced and the charged pack capacity is 2.07 Ah. When the terminal voltage is used as the balancing criterion, the values of the SOCs are 86.8%, 85.1% and 98.4%, respectively, at the end of charging. This shows that the battery pack is still unbalanced in terms of the SOC. This is due to the fact that the terminal voltages of the three cells are very close to each other during the voltage plateau, and the small voltage difference cannot trigger the balancing process for most of the charging time. Since the cell with the lowest SOC decides the pack capacity, it is found that the charged pack capacity is only 1.83 Ah, which is much less than 2.07 Ah.
The proposed approached can be extended to a real EV battery pack by considering the modules as the large capacity cells that consist of many cells in parallel. Then, the series-connected modules can form the battery pack, the measurement of the terminal voltage across each module The balancing results with these two balancing criteria are compared in Table 3 . When the SOC is applied as the balancing criterion, the values of the SOCs for these three cells are 97.9%, 96.7% and 97.6%, respectively, at the end of charging. This shows that the battery pack is well balanced and the charged pack capacity is 2.07 Ah. When the terminal voltage is used as the balancing criterion, the values of the SOCs are 86.8%, 85.1% and 98.4%, respectively, at the end of charging. This shows that the battery pack is still unbalanced in terms of the SOC. This is due to the fact that the terminal voltages of the three cells are very close to each other during the voltage plateau, and the small voltage difference cannot trigger the balancing process for most of the charging time. Since the cell with the lowest SOC decides the pack capacity, it is found that the charged pack capacity is only 1.83 Ah, which is much less than 2.07 Ah. The proposed approached can be extended to a real EV battery pack by considering the modules as the large capacity cells that consist of many cells in parallel. Then, the series-connected modules can form the battery pack, the measurement of the terminal voltage across each module and the current of the pack is the same as those three series-connected cells in the experiment of this paper.
Conclusions
This paper has presented an improved active balancing approach using the dynamically-estimated SOC for a LiFePO 4 battery pack in the fast charging process. The robust AKEF was proposed to estimate the SOC, based on the state-space equation derived from the ECM. The flyback converter-based balancing circuit was chosen to implement the proposed method, as only one additional balancing current sensor was required to calculate the current of each cell for SOC estimation. The experimental results show that the proposed approach based on the SOC balancing criterion can charge 2.07 Ah more than that based on the terminal voltage criterion when the fast charging process stops, which is equivalent to 13% of nominal capacity to the chosen battery pack.
This proposed approach is only applied for a battery pack with severe non-uniformity. In the future, more experiments will be carried out under different non-uniformity scenarios and the results of statistical analysis will be used to verify the effectiveness of the proposed approach. 
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